Changes in skin blood flow during apneic spells were determined in 18 preterm infants using a diode laser Doppler flow meter without light conducting fibres. Heart rate, nasal air flow, impedance pneumography, skin and incubator temperature and laser Doppler skin blood flow were recorded simultaneously in each infant. During 212 apneic spells with a duration of 11.6 -c 7.5 s (mean f SD.) (range 6.0 -48.0 s), the laser Doppler skin blood flow was measured. In all children except one, the majority of the apneic spells was associated with a decrease in skin blood flow. During 155 apneic spells (73%) skin blood flow decreased significantly P < 0.025), the maximum decrease being 16.7 f 14.8%, 28.5 + 23.9% and 18.9 f 16.1% (mean f S.D.) for central, obstructive and mixed apneic spells, respectively. The decrease in skin blood flow started immediately after the beginning of apneic spells in 71%, the rest started with a mean delay of 3.4 s (range 0.1-7.0 s). No relation was found between the decrease in skin blood flow and the duration of the apneic spells. Thirty-four percent of the apneic spells were accompanied by bradycardia. In apneic spells accompanied by bradycardia the decrease in skin blood flow was not related to the fall in heart rate. skin blood flow; laser Doppler; apnea; apneic spells; bradycardia; preterm infant
Introduction
Cardiovascular changes related to apneic spells have been reported by several authors. Changes in heart rate [3, 4] , blood pressure [4] , pulse pressure [4] and cerebral blood flow [9] have been described during apnea in newborns. Little is known, however, about what happens with peripheral blood flow during apneic spells in the newborn.
Redistribution of blood flow in favour of vital organs such as the brain is likely to influence the circulation in other organs, for instance the skin. Storr described a decrease in limb blood flow during apneic episodes with bradycardia in preterm infants [13] . In that study blood flow was measured by venous occlusion plethysmography and limb blood flow recordings were only made during long-lasting apnea. New techniques such as laser Doppler flowmetry enables us now to measure fast, reliably and continuously the newborns skin blood flow. Therefore a study was undertaken to investigate: (1) if changes in skin blood flow do occur during apneic spells in newborn infants; (2) how fast these changes occur during apneic spells; and (3) if skin blood flow changes were dependent on the origin of apneic spells.
Infants and methods
We studied changes in skin blood flow during apneic spells in 18 preterm infants. Infants were born at a mean gestational age of 30.7 weeks (range 26-36 weeks) with a mean birth weight of 1365 g (range 720-2250 g). Nine infants were small for gestational age (birth weight < P,,J. Ultrasound examination revealed cerebral hemorrhage in 4 infants. Respiratory pathologies such as hyaline membrane disease (HMD), broncho pulmonary dysplasia (BPD), or respiratory distress syndrome (RDS), were present in 9 infants. The clinical data of the infants are summarized in Table I . Measurements were performed in incubators with all infants in thermoneutral condition. Recordings lasted for a minimum of 1 h following a stabilisation period of lo-15 min. During recordings eye condition and presence and type of general movements were observed. The observations and the respiratory pattern were used to determine the behavioral state of the infants, according to the criteria of Prechtl [lo] .
Skin blood flow was measured on the forehead in 15 infants and on the upper leg in 3 infants in accordance with the laser Doppler method described by others t&12,15]. In short, this method is based on the following principle. Coherent laser light, illuminating the skin, is scattered by static skin structures and moving particles, e.g. red blood cells. Scattered light from a moving particle, however, undergoes a frequency shift (Doppler principle). Backscattered Doppler shifted and unshifted light, mixed on a photodetector surface produce a frequency spectrum of beat notes, which is dependent on the mean red blood cell velocity and the number of red blood cells. A differential detector system is used, and signal processing between 30 Hz and 30 kHz provides an output in volts, proportional to blood flow.
We used a diode laser Doppler flow meter as previously reported [ 141. This laser Doppler flow meter has a laser diode (Matsusita, 3 mW output at a wave length of 790 nM) and the 2 photodiodes (BPX40) integrated in the probe, The weight of the 
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hemorr. probe is 4 g and it is attached to the skin with double-sided adhesive tape. In addition to the laser Doppler signal the following data were recorded using a multichannel Beckmann strip chart recorder and a Teat MR-30 cassette recorder: skin temperature (Yellow Springs thermistor probe 409-B), heart rate and respiratory wave forms. The latter were obtained via both thoracic impedance and a thermistor probe positioned in front of the nose. Apneic spell was defined as the cessation of breathing for a minimum of 6 s [7] . Apneic spells were classified as central, obstructive or mixed apneic spells [5] . A total of 590 apneic spells were observed, whose origin could be divided into 45% central, 34% obstructive and 21% mixed apneic spells. A total of 212 apneic spells were analysed, the others being excluded on account of movement artefacts in the laser Doppler tracings or in the impedance pneumography tracings. The duration of each apneic spell was measured. (To avoid severe hypoxia 3 apneic spells were terminated artificially by tactile stimulation because of their long duration.)
Sex
Bradycardia was defined as a decrease in heart rate of more than 5% of the mean heart rate, measured for 1 min prior to the onset of apneic spells.
Skin blood flow values are given in volts. The zero level of the laser Doppler flow signal was determined by local occlusion of the vascular bed. This could be achieved by pushing the probe against the skull or occluding the arteria femoralis. The skin blood flow changes during apneic spells are expressed as the percentage of decrease. This percentage decrease was calculated by comparing the minimum flow values for 1 min prior to and during apneic spells. Skin blood flow changes within one standard deviation (SD.) of the flow signal 1 min prior to apneic spells were designated as no change.
All data recorded on tape were fed into a microcomputer at a sample frequency of 10 Hz. For statistical analysis the t-test for paired samples, Pearson's cross correlation test, and the Chi-square test were used. A P value of 0.05 was taken as level of significance.
Results
Representative recordings of skin blood flow changes during central, obstructive and mixed apneic spells, with a concomitant bradycardia, are given in Fig. 1 .
Skin blood flow changes
In all children except one the majority of the apneic spells was associated with a decrease in skin blood flow. Skin blood flow decreased significantly in 155 (73%) of the 212 apneic spells analysed. This decrease in skin blood flow was observed in 68% of the infants with central apneic spells, in 80% with obstructive apneic spells and in 77% with apneic spells of mixed origin. The average decrease in skin blood flow in these 155 apneic spells was 16.7%, 28.5% and 18.9% for central, obstructive and mixed apneic spells, respectively, the differences in decrease between the 3 types of apnea being significant (P < 0.01). An increase in skin blood flow was seen during 15 apneic spells (6.2%) in 9 infants. The decrease in skin blood flow started simultaneously with the onset of an apneic spell in 7 1 Vo. For the remaining apneic spells, the onset of skin blood flow decrease was delayed, the mean delay being 3.4 s (range 0.1-7.6 s). The mean duration of an apneic spell was 10.3, 10.2 and 14.3 s for central, obstructive and mixed apneic spells, respectively. There was no relation between the duration of apneic spells and the degree of skin blood flow decrease for the 3 types of apneic spells (Table II) . 
Apnea and bradycardia
Seventy-three (34%) of the 212 apneic spells analysed were accompanied by a bradycardia (Table III) . The incidence of reduced skin blood flow during apneic spells was higher when bradycardia was present (P < 0.01, Chi-square test), although the difference was small. The onset of bradycardia started simultaneously with the beginning of an apneic period in 22%, and with a mean delay of 5.7 & 2.3 s (range 1.0-12.0 s) in 78%. The degree of bradycardia was slightly correlated with the maximum percentage of flow decrease for mixed apneic spells (Table II) .
Behavioral states
The behavioral state of the premterm infants could be determined in 55 of the 212 apneic spells. Twenty-four apneic spells were seen during quiet sleep and 31 during active sleep. In the others the behavioral state could not be determined. For mixed apneic spells during quiet sleep, the mean skin blood flow decrease was 16.8 f 13.1% (mean f S.D.), whereas during active sleep it was 30.2 rt 13.8% (mean f S.D.), the difference being statistically significant (P = 0.05).
Other factors
The amount of skin blood flow decrease during apneic spells was not related to the following conditions: small for gestational age, HMD, BPD, RDS and cerebral hemorrhage.
Discussion
The results of the present study indicate that during the majority of apneic spells a considerable decrease in skin blood flow occurs which is independent of the presence of bradycardia. To our knowledge, there have not been any previous reports on changes in skin blood flow associated with apneic spells. Cardiovascular changes associated with apneic episodes in preterm infants have been reported by several authors [3, 4, 9, 13] . Storrs [13] , who measured cardiovascular reflex responses by means of venous occlusion plethysmography during apnea in preterm infants, found a decrease in the blood flow of the peripheral limb in all the apneic episodes studied. The average decrease in limb blood flow was 43 f 20 % (range 6.1-85%).
The drop in limb blood flow was significantly correlated to bradycardia (r = 0.509). In that study, however, only "apneic episodes lasting long enough to produce cardiovascular changes" were analysed. Angel-James and Daly [l] reported cardiovascular responses resulting in bradycardia and systemic vasoconstriction during apnoeic hypoxia in anaesthetized dogs. Their studies have shown that the cardiovascular responses during apneic episodes are, at least in part, the result of primary reflexes from carotid and aortic body chemoreceptors activated by hypoxemia and hypercapnia following apnea. These reflexes include an increase in systemic vascular resistance on account of vasoconstriction in non-vital tissues and organs. If the cardiac output can be maintained, redistribution of blood flow takes place in favor of vital organs, such as the brain.
Until now it was not clear whether the peripheral vasoconstriction closely follows the apneic spells or coincides with it. The short (0.025 s) response time of the laser Doppler system allowed us to accurately determine the changes in skin blood flow in relation to apneic spells. It was found that the decrease in skin blood flow virtually coincided with the onset of apneic spells in the majority of the apneic spells studied. Similar, fast responses in skin blood flow were observed during periodical breathing ( a common cause for apneic spells and skin vasoconstriction or very rapid reflex vasoconstriction. The fact that both the length of apneic spells and the degree of bradycardia did not influence the amount of flow decrease, supports this idea. The variability in the amount of flow decrease and the time delay between the onset of apneic spells and the beginning of the flow decrease indicates the existence of interfering mechanisms. We have no data on the state of lung inflation at the onset of apneic spells, but the more or less inhibitory effect of a pulmonary vagal inflation reflex [l] might be an explanation for this variability. Another possible explanation is the behavioral state of the infant. During active sleep in mixed apneic spells, the skin blood flow decrease was found to be significantly greater than during quiet sleep. It has been shown that during active sleep there is increased and more variable sympathetic activity [6] . Due to the predominant role of the sympathetic system in the control of skin blood flow, this will result in more vasoconstriction in the skin. Our data on the behavioral state during central and obstructive apneic spells were not sufficient to establish differences. A remarkable finding was the considerably greater reduction in skin blood flow in obstructive apneic spells as compared to apneic spells of central origin. Obstructive apneic spell is probably a more stressing event than central apneic spell and may therefore result in a greater increase in sympathetic activity and the release of vasoactive hormones causing increased vasoconstriction.
From this study it can be concluded that: (1) forehead skin blood flow, measured by the laser Doppler method, decreases significantly during apneic spells in preterm infants; (2) the onset of the decrease in skin blood flow mostly coincides with the onset of apnea; and (3) the decrease in skin blood flow is not related to bradycardia.
Speculation
Regarding the predominant role of sympathetic activity on skin blood flow it can be assumed that the fall in skin blood flow is due to an increased sympathetic activity. The latter might be caused by a reflectory mechanism as described by Corder0 [2] . Therefore, further research on the relationship between skin blood flow, sympathetic activity and apnea is required.
